Monoglucosyl diglyceride is synthesized from 1,2-diglyceride and uridine-5'-diphosphoglucose (UDP); diglucosyl diglyceride from monoglucosyl diglyceride, and uridine-5'-diphosphoglucose by membranes of Mycoplasma laidlawii strain B. All of these enzymatic activities reside in the membrane. Membranes solubilized by detergent action or succinylation and acetone powders of membranes were inactive. Requirements for Mg2+, UDP, and appropriate lipid acceptor were demonstrated for biosynthesis of both glycolipids. Glucose-i-phosphate plus uridine triphosphate could replace the UJDP requirement. A medium of relatively high ionic strength and a critical concentration of sodium lauryl sulfate stimulated biosynthesis of the monoglucosyl diglyceride. The optimal pH for both reactions was 8.0. A specificity for 1 ,2-diglyceride from the homologous organism was found for optimal synthesis of the monoglucosyl diglyceride, and a specificity for monoglucosyl diglyceride was found in the case of diglucosyl diglyceride synthesis. Both reactions were specific for UDP.
Glycosyl diglycerides are found among grampositive bacteria (5, 8, 18, 21) , some mycoplasmas (13, 14, 19) and in higher plants (2) (3) (4) 17) . The specific structures of the glycolipids appear correlative to the taxonomic position of the bacteria (18) . The absence of turnover of these lipids (P. (19) . The monoglycosyl diglyceride (MGDG) predominates in mycoplasmas (19) , whereas the reverse is true among the bacteria (5, 18) .
Biosynthesis of glycosyl diglycerides in the organisms examined thus far proceeds by the transfer of the hexose from the appropriate nucleotide sugar to the lipid acceptor, diglyceride, for the synthesis of the monoglycosyl lipid and monoglycosyl diglyceride in the case of the diglycosyl lipid (8, 10, 12) . The biosynthesis of the glycolipids of M. laidlawii was examined to define further the lipid physiology of Mycoplasma.
MATERIALS AND METHODS M. laidlawii strain B was grown in a liquid medium composed of 2% Tryptose (Difco), pre-extracted in the dry state with chloroform-methanol, 0.5% sodium acetate, and 0.5% glucose, added as a sterile solution to the autoclaved medium. The pH of the medium was 8.0 prior to sterilization. Each liter of medium was inoculated with 100 ml of a 16-hr-old culture. Cultures were incubated without shaking at 37 C for 16 hr at which time the organisms were concentrated in a Sharples centrifuge operating at 25,000 rev/min and sedimented at 0 C at 20,000 X g in a Servall RC-2B centrifuge. A 16-hr incubation period was selected, since the culture was in the mid-exponential phase of growth. Higher yields are obtained by lengthening the incubation period but enzymatic activity was reduced or absent.
The unwashed pellets were suspended by trituration in 0.002 M tris(hydroxymethyl)aminomethane-(Tris)-maleate buffer, pH 8.0, at room temperature. Lysis was immediate and complete. The lysate was sedimented at 39,000 X g for 25 min at 0 C. The sedimented membrane appeared as clear yellow pellets in contrast to the opaque pellets of intact organisms. Approximately 75%'/ of the total protein but none of the lipid appeared in the supernatant fluid. The membranes were washed twice in 0.002 M buffer and resuspended in a volume sufficient to give a protein concentration of about 25 mg per ml. Fresh membranes were prepared daily.
Acetone powders of membranes were prepared by dropping 5 ml of suspension into 100 ml of acetone at -20 C, followed by sedimentation at 8,000 X g. were extracted three times with 200 ml of chloroformmethanol (2:1, v/v). After drying the pooled extracts in vacuo at 40 C, the total lipids were purified by passage through Sephadex G-25 (22) . The eluate again was dried in vacuo and the major lipid classes separated on a silicic acid column (20) . Neutral (15) . 3H-Diglyceride was prepared in the same way except the starting material consisted of cardiolipin (Sylvana Chemical Co., Orange, N.J.) tritiated by reduction of the unsaturated fatty acid residues. Tritiation was performed by New England Nuclear Corp., Boston, Mass. Excess tritium was removed by extensive washing. Specific activity was 1.5 mc per mg.
MGDG was prepared from M. laidlawii. The acetone eluate from silicic acid column chromatography described previously was subjected to thinlayer chromatography on 1-mm thick Silica Gel H. Development was performed in chloroform-methanol (9:1, v/v). The area containing MGDG was scraped from the plates and eluted with chloroform-methanol (2:1, v/v). Two successive chromatograms yielded a pure product with a ratio of glucose to fatty acid ester of approximately 1:2 (19) . Several lots were prepared. MGDG-glucose-14C was prepared by carrying out biosynthesis of this compound from diglyceride and uridine-5'-diphosphate (UDP)-glucose-'4C as described below but in larger quantity. Purification was accomplished as described for the unlabeled MGDG.
1, 2-Diolein, 1, 2-dipalmitin, 1, 2-dimyristin, 1, 2-distearin, and monogalactosyl diglyceride from beef heart were obtained from either Hormel Institute, Austin, Minn. or Applied Sciences Laboratory, State College, Pa. Protein was determined by the method of Lowry et al. (9), free amino groups by the method of Rosen (16) 3 to 4 mg protein in a total volume of 1.0 ml. After mixing, incubation was at 37 C for 60 min. The reaction was not linear in all cases over the 60-min time period, so the values expressed represent total synthesis. The reaction was stopped by quick freezing at -20 C. After lyophilization, the lipids were extracted three times with 5 ml, 2 ml, and 2 ml, respectively, of chloroform-methanol (2:1, v/v), and the pooled extracts were dried in vacuo. The total lipids were redissolved in 0.2 ml of chloroform-methanol (2:1, v/v) and applied to 1-mm thick plates of Silica Gel H. Tubes were rinsed twice with an additional 0.1 ml of solvent. The plates were developed in chloroform-methanol, 9:1 (v/v) for MGDG separation, and 8:2 (v/v) for DGDG separation. The appropriate areas on the plates were detected by exposure to iodine vapor and scraped into vials for counting. Radioactivity was measured as previously described (7) . The amounts of lipids formed were determined by calculations based upon the specific activity of the UDP-glucose-'4C added. This method was valid since direct incorporation of glucose from the nucleotide sugar occurred. Identifications of the products as MGDG and DGDG were made by (i) measuring the specific radioactivity of glucose in the newly synthesized lipid and relating it to the specific activity of the UDPglucose-'4C added, (ii) migration on thin-layer chro-VOL. 99, 1969 4J. BACTERIOL. matograms, and (iii) measuring ratio of glucose to fatty acid ester.
RESULTS
Studies on the biosynthesis of the glucosyl diglycerides in M. laidlawii were complicated by the inability to remove endogenous lipids and still retain enzymatic activity. Hence endogenous lipid acceptors allowed a higher base line activity than was desired. Nevertheless, specific requirements for the reactions could be assessed. Optimal activity required the addition of magnesium ions, UDP-glucose, and M. laidlawii membranes for both reactions, 1, 2-diglyceride for MGDG synthesis, and MGDG for DGDG synthesis ( Table 1 ). The reaction was enzymecatalyzed as judged from the heat lability of the membrane preparation, the absence of synthesis in the absence of membranes (Table 1) , and the proportionate increase in product formed with increase in protein concentration (Fig. 1) . A critical concentration of membrane appeared necessary before monoglucosyl diglyceride formation occurred, probably reflecting the degree of sensitivity of the techniques employed (Fig.  IA) . The enzymatic aqtivities of membrane preparations varied somewhat in different lots. This variation is reflected in the tabular data. One cause of this variation was found to be associated with the use of lipid-free PPLO Serum Fraction (Difco) as an aid in emulsification of MGDG and diglyceride. As seen in Table 2 , increasing concentrations resulted in decreased glycolipid synthesis. After discovery of this effect, the serum fraction was deleted from the reaction mixture. The data for DGDG synthesis found in Tables 4-7 and Fig. 4 and 5B were obtained in the presence of Serum Fraction.
The site of biosynthesis of both glycolipids is associated solely with the membrane fraction (Table 3 ). The location of the enzymatic activities in membranes thwarted efforts at punfication. Acetone powders were completely devoid of activity even upon readdition of the acetone-soluble lipids. Solubilization of the membranes with anionic or nonionic detergents followed by extensive dialysis likewise resulted in inactive preparations. Succinylation as a means of solubilization gave inactive preparations even if sulfhydryl groups were protected during succinylation with p-chloro-mercuribenzoic acid. The saturation curves for the reactants are shown in Fig. 2 and 3 . The affinity for UDPglucose appeared to be slightly higher in the synthesis of DGDG than in synthesis of MGDG. Similar affinities for diglyceride and MGDG were observed but concentrations of diglyceride above 1 um greatly inhibited formation of MGDG. 5 10
UDPglucose (mM) n 10. The time courses of biosynthesis of the two glycolipids are shown in Fig. 5 . In both cases, the rates are relatively linear over the first 20 to 30 min.
The data pertinent to identification of the products of biosynthesis are shown in Table 9 . The incorporation of 14C-MGDG into DGDG amounted to 1.7% of total available lipid acceptor compared to 1.8% incorporation of UDP-glucose-14C. The specific activities of the lipids in terms of glucose and of MGDG in terms of 3H-diglyceride are equivalent within experimental error to the specific activities of the starting compounds, indicating direct incorporation. All of the radioactivity of the '4C-glucoselabeled lipids was found associated with their deacylation products.
DISCUSSION
The biosynthesis of mannosyl diglycerides by Micrococcus lysodeikticus (8), of glucosyl diglycerides by Streptococcus faecalis (12) , and of galactosyl diglycerides by various plants (10) has been described. The properties of the system capable of biosynthesis of monoglucosyl di- glyceride by M. laidlawii are similar to those for biosynthesis of monomannosyl diglyceride (8) and monoglucosyl diglyceride (12) by bacteria. Mg2+ is stimulatory, there exists a high degree of specificity for diglyceride, and biosynthesis functions best in a medium of relatively high ionic strength. The enzymes carrying out biosynthesis of all monoglycosyl diglycerides thus far examined are membrane-associated. Some differences do exist. For example, the system of M. lysodeikticus possesses an absolute requirement for fatty acids or detergents. Such a requirement by M. laidlawii in this study and by S. faecalis (12) probably was not apparent because lipid-containing membranes rather than an acetone powder were used as the enzyme source. The specificity of nucleotide sugar by M. laidlawii is similar to the specificity observed with S. faecalis. Very little work has been reported on the biosynthesis of diglycosyl diglycerides. This system in M. laidlawii differs from those in M. lysodeikticus and plants by its association with the membrane in contrast to its association with the soluble form in the latter two cases. The particulate fraction of S. faecalis carries out biosynthesis of diglucosyl diglyceride (12) .
The existence of distinct enzymes for the biosynthesis of mono-and diglycosyl diglycerides is less certain for M. laidlawii and presumably S. faecalis (12) . In the case of M. lysodeikticus and plants, the enzymatic activity for synthesis of monoglycosyl diglyceride is associated with the particulate fraction, whereas the activity for synthesis of diglycosyl diglyceride is soluble. In M. laidlawii, both activities are membraneassociated. Several distinctions do exist between the two activities in M. laidlawii. Detergent stimulates only monoglucosyl diglyceride biosynthesis, and ionic strength of the medium has a greater effect on synthesis of this lipid. This is probably a phenomenon associated with the physical state and aqueous solubility of the diglyceride acceptor. The affinities of the two systems for nucleotide sugar differ only slightly. These results may signify some distinction between the enzymes. The 
